Trade-offs are thought to impose barriers to phenotypic diversification and may limit the evolutionary responses of organisms to environmental changes. In particular, locomotor trade-offs between endurance or maximal exertion capacity and burst performance capacity have been observed in some species and may constrain the ability of organisms to disperse. Here, we tested for the presence of locomotor trade-offs between maximal exertion and burst performance capacity in an aquatic frog, the tropical clawed frog (Xenopus tropicalis). Given the importance of overland dispersal for this species, we focused on terrestrial exertion capacity (time and distance jumped until exhaustion) and tested whether it trades-off with aquatic burst performance capacity (maximum instantaneous velocity and acceleration), which is likely to be relevant in the context of predator escape and prey capture. Our data show that in both sexes, individuals with longer hindlimbs display higher endurance. Additionally, in females forelimb length was positively correlated with aquatic burst performance capacity and negatively correlated with terrestrial exertion. Trade-offs between endurance and burst performance capacity were detected, but were significant in males only. Finally, males and females differ in morphology and performance. Our data suggest that trade-offs are not universal and may be driven by sex-dependent selection on locomotor capacity. Moreover, our results suggest that locomotor trade-offs may result in sex-biased dispersal under selection for improved endurance capacity as is expected under habitat fragmentation scenarios.
INTRODUCTION
Phenotypic diversification can be constrained by trade-offs in the development or expression of phenotypic traits (Arnold, 1992; Schluter, 1996) . Performance trade-offs are often thought of as imposing limits on phenotypic divergence and occur when different and conflicting functional demands are imposed on the same phenotypic trait (Arnold, 1992; Vanhooydonck et al., 2001; Levinton and Allen, 2005; Konuma and Chiba, 2007) (but see Herrel et al., 2009) . For example, in lizards, selection on burst locomotion capacity can trade-off with endurance capacity in some clades (Vanhooydonck et al., 2001) . Such a trade-off is likely caused by conflicting demands on the locomotor muscles to express either fast or slow muscle fiber types (Bonine et al., 2005) . Yet, other studies have found limited evidence of a negative correlation between endurance and burst speed performance capacity, suggesting that such trade-offs may not be universal (Garland, 1988; Tsuji et al., 1989; Garland et al., 1990; Huey et al., 1990; Jayne and Bennett, 1990; Secor et al., 1992; Brodie and Garland, 1993; Garland, 1994; Sorci et al., 1995; Wilson et al., 2002) . Interestingly, a study on the clawed frog Xenopus laevis identified trade-offs at the level of muscle physiology, yet none at the whole-animal level (Wilson et al., 2002) , suggesting that speed-endurance performance trade-offs at the muscular level (e.g. may be masked by behavioral and morphological modifications at higher levels of organization.
If trade-offs between speed and endurance or maximal exertion capacity (sensu Bennett, 1980; Bennett, 1989; Cullum, 1997) exist, these may impose important limitations on the ability of organisms to respond to habitat fragmentation. Indeed, habitat fragmentation is expected to select for organisms with a high dispersal ability, capable of high mobility and, specifically, high levels of maximal exertion capacity (Stevens et al., 2010; Morueta-Holme et al., 2010 ). Yet, burst performance capacity remains under constant selection as this determines an organism's ability to avoid predators and capture prey (Husak, 2006; James et al., 2007; Goodman, 2009) . Increased habitat openness due to deforestation and fragmentation may even increase visibility and therefore predation risk. This leads to the potential conflicting situation where habitat fragmentation will select for individuals that display both high exertion capacity/stamina and high burst performance capacity, which may not be feasible (Goodman, 2009) . Thus, it is important to investigate whether selection for endurance will come at the cost of burst speed and vice versa in a wide variety of organisms, and to identify the anatomical and physiological traits that are the basis of this tradeoff.
Here, we used the tropical clawed frog, Xenopus tropicalis, as a model system to investigate trade-offs between endurance capacity and burst locomotor performance. Xenopus tropicalis is a predominantly aquatic frog that is distributed throughout the West African rainforest belt (Rödel, 2000) . During periods of heavy rain, overland dispersal has been observed, suggesting an important role for terrestrial locomotion in dispersal (Rödel, 2000) . The mature tropical forests in which this species lives are predicted to experience extreme climatic stress with average monthly temperatures rising to more than 2s.d. above the 1961-1990 baseline by 2070, possibly resulting in aridification and fragmentation of the intact, mature forests (Beaumont et al., 2011; Zelazowski et al., 2011) . Locomotor trade-offs are particularly relevant in this context because selection on endurance capacity due to increased fragmentation may negatively affect the ability of an organism to escape from predators or to catch prey. Here, we decided to focus on both aquatic burst performance capacity, relevant to predator escape and prey capture, and terrestrial exertion capacity, relevant to the ability of animals to disperse away from unsuitable habitats. Indeed, the closely related also predominantly aquatic frog Xenopus laevis has been shown to carry out long-distance overland migrations in times of draught (Lobos and Jaksic, 2005) . Habitat fragmentation may disrupt gene flow between the isolated ponds within which these animals live, ultimately leading to inbreeding and thus affecting the long-term survival of populations unless animals show increased dispersal and mobility. Selection on locomotor capacity and the resulting tradeoffs may be exacerbated by the added effect of increased temperature due to global warming and habitat fragmentation. Indeed, thermal optima differ between burst performance and maximal exertion capacity such that selection for the optimization of one performance trait may negatively affect the other.
Here, we tested whether trade-offs exist between burst performance and exertion capacity and whether these are identical for males and females given that the sexes are known to differ in limb morphology and performance capacity . Finally, we explored correlations between morphology and performance traits to try to better understand the possible mechanisms underlying the observed trade-offs between endurance and burst performance capacity.
MATERIALS AND METHODS Animals
Xenopus tropicalis Gray 1864 were caught in the wild in December 2009 in Cameroon, brought back to France and housed at the Station d'Ecologie Experimentale du CNRS at Moulis. Animals were housed in groups of 8-10 individuals in aquaria (60ϫ30ϫ30cm) with the temperature set at 24°C, which is assumed to be close to the preferred and optimal temperature of Xenopus frogs (see Casterlin and Reynolds, 1980; Miller, 1982) and is similar to water temperatures measured in the field (22-26°C). Frogs were fed every other day with beef heart, earthworms or mosquito larvae ad libitum. All individuals were given 1month to recover and were then pittagged (Nonatec, Rodange, Luxembourg) before the onset of the experiments, allowing unambiguous identification. A total of 126 individuals were included in the performance testing.
Morphometrics
All animals (N126) were weighed (Ohaus, Brooklyn, NY, USA; precision ±0.01g) and measured using digital calipers (Mitutoyo, Kawasaki, Kanagawa, Japan; ±0.01mm). The following body dimensions were quantified: body length as the straight-line distance from the cloaca to the tip of the snout, the length, width and depth of the head, the length of the femur, the tibia, the foot, the longest toe, the humerus, the radius, the hand and the longest finger, the length of the ilium and the width across the top of the two ilia.
Performance
All performance traits were measured at 24°C. Before the onset of performance measurements, animals were placed for 1h in an incubator set at 24°C in individual containers with some water. All performance measurements were repeated three times over the course of 1day for each individual (i.e. three filming sessions or endurance trials), with an inter-trial interval of at least 1h during which animals were returned to the incubator and allowed to rest. At the end of the performance trials, animals were weighed and their pit tag numbers recorded; they were then returned to their home aquaria and fed. Animals were given at least 1week to rest between the two different performance measurements. Maximal exertion capacity was measured by chasing each individual down a 3m long circular track until exhaustion, indicated by an unwillingness to move any further when touched and the lack of a righting response (inability to turn when animals are placed on their backs). The floor of the endurance track was covered with cork to improve traction. For each individual, we recorded both the total distance covered and time spent moving until exhaustion. Data for two individuals were removed from the dataset as they were more than 3s.d. away from the mean. Burst performance capacity was quantified by measuring maximal instantaneous swimming speed and acceleration. Animals were filmed in dorsal view using a Redlake MotionPro high speed camera (Tallahassee, FL, USA) set at 500Hz. Illumination was provided by two custom-made arrays of eight ultra-bright LEDs. A scale was filmed at the onset of each trial and used to convert measurements in pixels to metric units. Only video clips of good contrast and in which the frog swam continuously and in a straight line were retained. Next, video clips were saved, cropped to include at least two locomotor cycles (i.e. two complete flexion-extension cycles) and analyzed using ProAnalyst (Xcitex, Cambridge, MA, USA) software. For each frame, the snout tip was digitized either manually or using the auto-tracking routine implemented in ProAnalyst. Raw coordinates were exported to Excel and the displacement of the individual along its path was calculated. Next, the raw displacement profile was smoothed using a zero phase shift low-pass Butterworth filter (Winter, 2005) , with a cutoff frequency set at 30Hz. Velocities and accelerations were calculated by numerical differentiation of the smoothed displacement profiles. For each individual, we extracted the single highest instantaneous velocity and acceleration across all swimming sequences recorded (i.e. the fastest velocity and acceleration may thus come from different sequences).
Analyses
All data were log 10 -transformed before analyses to fulfill assumptions of normality and homoscedascity. To investigate the existence of performance trade-offs (i.e. a negative correlation between maximal exertion and burst performance capacity), Pearson's product-moment correlations were calculated between each performance trait for all individuals combined as well as for each sex separately. Next, a factor analysis with varimax rotation was performed on the morphological data to reduce the dimensionality of the dataset (for males and females separately). Factors with eigenvalues greater than one were retained. A second factor analysis with varimax rotation was performed on performance data for males and females separately, and factors with eigenvalues greater than one were extracted. Factor scores were saved as new variables and used in subsequent correlation analyses. To explore the correlation between morphology and performance, Pearson's product-moment correlations were calculated between performance and morphological factors. To further investigate the relationships between morphology and performance, correlations were also calculated between raw performance traits and morphological factors. All analyses were performed using SPSS v. 15.0.
RESULTS
Both measures of burst performance (instantaneous velocity and acceleration) were significantly and positively correlated across all individuals (r0. 46, P<0.001, N126) . Both measures of exertion capacity (time and distance jumped until exhaustion) were also positively correlated across all individuals (r0.71, P<0.001, N124). A trade-off between time until exhaustion and maximal instantaneous velocity was observed when pooling data from all individuals (r-0.28, P0.002, N124; Fig.1A ). No significant trade-offs were observed between the distance jumped until exhaustion and either measure of burst performance, nor between maximal acceleration capacity and either of the measures of exertion capacity. Yet, a negative trend was observed between the time until
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When analyzing data separately for the two sexes, a significant trade-off was observed in males between time jumped until exhaustion and maximal instantaneous velocity (r-0.43, P0.001, N55) and the distance covered until exhaustion and the maximal instantaneous velocity (r-0.39, P0.003, N55; Fig.1B ). Acceleration capacity was not correlated with either measure of exertion in males (time jumped until exhaustion: r-0. 07, P0.60, N55; distance covered: r-0.16, P0.26, N55) . In females, no significant trade-off between either measure of exertion capacity and maximal velocity was observed. However, a non-significant trend was observed between the time until exhaustion and maximal instantaneous velocity (r-0.14, P0.24, N69; Fig.1C ). Finally, acceleration capacity was not correlated with either measure of exertion in females (time jumped until exhaustion: r0. 01, P0.97, N69; distance covered: r0.10, P0.42, N69) .
A factor analysis with varimax rotation performed on the limb and body dimensions retained two axes, which explained 73.2% of morphological variation for males and 90.7% of the variation for females. For both sexes, the first factor was positively correlated with body size, hindlimb length and ilium size. The second factor was positively correlated with forelimb length (Table1). From here on, the first morphological factor will be referred to as 'body size/hindlimb' and the second morphological factor as 'forelimb'. Performance variation was summarized on two factors that explained 84.4% of the variance in males and 76.6% in females. The first factor was positively correlated with both measures of exertion capacity (i.e. time until exhaustion and distance until exhaustion), while the second was determined by the two measures of burst performance (i.e. maximal velocity and maximal acceleration; see Table2). From here onwards, the first performance factor will be referred to as 'overall exertion' and the second as 'overall burst performance'.
In males, body size/hindlimb was significantly and positively correlated with overall exertion (r0.54, P<0.001, N55), but no other significant correlations between morphology and performance were observed in males (Fig.2) . Correlations between the raw measures of endurance and morphology confirmed this result and Fig.2 ). Correlations between the raw measures of performance and body size/hindlimb confirmed these results (distance until exhaustion: r0.49, P<0.001, N69; maximal velocity: r0.26, P0.029, N70) . A non-significant positive trend was also observed between forelimb length and maximal acceleration (r0.21, P0.08, N70). A significant negative correlation was observed between forelimb length and the time moved until exhaustion (r-0.50, P <0.001, N69).
DISCUSSION
A significant trade-off between exertion capacity and burst speed was detected across all individuals. However, significant sexrelated differences were observed. In males, a trade-off exists between time jumped until exhaustion (exertion capacity) and both measures of burst performance: maximal instantaneous velocity and maximum instantaneous acceleration. In females, a negative, but non-significant trend between time jumped until exhaustion and maximal instantaneous velocity was observed.
Previous studies of vertebrate locomotion have found equivocal evidence of endurance or exertion capacity versus burst performance trade-offs (Garland, 1988; Tsuji et al., 1989; Huey et al., 1984; Huey et al., 1990; Jayne and Bennett, 1990; Garland, 1994; Sorci et al., 1995; Vanhooydonck et al., 2001; Wilson et al., 2002) . Interestingly, Wilson and co-authors (Wilson et al., 2002) identified trade-offs at the level of muscle physiology, but not whole-organism performance in the closely related species X. laevis. The difference between our results for X. tropicalis and those reported for X. laevis (Wilson et al., 2002) may be due to the use of endurance versus exertion capacity. Indeed, whereas Wilson and co-authors (Wilson et al., 2002) tested endurance capacity in an aquatic environment, we quantified terrestrial exertion capacity. As the functional demands of aquatic and terrestrial locomotion are very different, this may play a role in explaining the observed locomotor trade-off. Yet, no trade-off between aquatic and terrestrial burst performance was observed in the semi-aquatic frog Rana esculenta, suggesting that constraints on burst performance are similar in the two media (Nauwelaerts et al., 2007) . Although X. tropicalis has a primarily aquatic lifestyle, it must use overland dispersal to reach suitable Morphology factor 1 (body size/hindlimb) Morphology factor 1 (body size/hindlimb) aquatic habitats, as shallow pools are dispersed across the landscape. Moreover, while moving from one water body to the next, animals are exposed and vulnerable to predation, likely imposing selection for them to move as fast as possible over medium to long distances. Thus, terrestrial exertion capacity may be an ecologically important trait that is under strong selection in the wild. Moreover, studies on the closely related X. laevis have identified terrestrial locomotion as the primary mode of dispersal in introduced populations of this species (Measey and Tinsley, 1998; Lobos and Jaksic, 2005; Eggert and Fouquet, 2006; Faraone et al., 2008) . In addition to selection on increased exertion capacity, selection on increased terrestrial burst performance may also occur. Given that the same morphological traits are important in driving both terrestrial and aquatic burst performance (Nauwelaerts et al., 2007) this could trade-off directly with selection on exertion capacity, at least in males. However, as Xenopus frogs typically move over land at night (Rödel, 2000) this may offset some of the potential increased predation pressure.
Despite the considerable number of studies on performance tradeoffs, to our knowledge none have examined sex differences in such trade-offs. Yet, sexual dimorphism in performance capacity has been observed in a wide array of taxa including humans, horses, dogs, albatross, fleas, lizards and recently also Xenopus frogs (Cullum, 1998; Shaffer et al., 2001; Krasnov et al., 2003; Lailvaux et al., 2003; Lailvaux, 2007; Van Damme et al., 2008; Kaliontzopoulou et al., 2010; . Proximal causes for performance differences between the sexes have been attributed to differences in body size, body fat, muscle composition and distribution, and cardiovascular and respiratory differences, which alter oxygencarrying capacity. Xenopus tropicalis males are smaller than females, yet perform equally well, suggesting that male morphology (i.e. their relatively long hindlimbs) may compensate for their smaller body size . Ecological studies on X. tropicalis are, however, needed to provide the ecological context that may help explain sex-dependent differences in locomotion and dispersal.
In both male and female X. tropicalis, body size and hindlimb length were positively correlated with terrestrial exertion capacity. Moreover, in females, forelimb length was positively correlated with aquatic burst performance, yet negatively correlated with terrestrial exertion capacity. Although this inverse correlation of forelimb length with the two performance traits would be expected to give rise to a trade-off in females as well, this was not observed. Physiological traits such as an increased cardiovascular capacity may override the effect of external anatomy on performance, thus masking the trade-off between exertion capacity and burst performance in females. As no correlation between forelimb length and burst performance was detected in males, sex-specific differences in locomotor kinematics likely exist. Previous studies have explored the physiological basis of inter-individual variation in performance at the muscular and enzymatic level (Wilson and Franklin, 2000; James et al., 2005; James et al., 2007; Nauwelaerts et al., 2007) and have demonstrated that body size is generally the best predictor of performance (Wilson and Franklin, 2000; Nauwelaerts et al., 2007) . Many vertebrates compensate for small body size with increased relative hindlimb length or relative mass of propulsive muscles to gain elevated levels of locomotor performance (James et al., 2007; . Additionally, differences in the proportion of different muscle fiber types have also been demonstrated to affect performance ability (Komi, 1984; Garland, 1988; Gleeson and Harrison, 1988) . Indeed, while type one fast-twitch fibers maximize burst performance, type two slow oxidative fibers are beneficial for endurance and endurance capacity
The Journal of Experimental Biology 215 (17) (Wilson et al., 2002) . Given the observed lack of correlation between external morphological traits and performance in males, the proximal cause of the trade-off observed between exertion capacity and burst speed is likely physiological. Indeed, based on our results we predict the presence of differences in fiber type composition of the limb muscles in both sexes.
In summary, our data suggest that trade-offs are not universal and may be driven by sex-dependent selection on locomotor capacity. Moreover, our results suggest that locomotor trade-offs may result in sex-biased dispersal under selection for improved exertion capacity, as is expected under habitat fragmentation scenarios. Characterizing the proximal causes of trade-offs may help elucidate physiological constraints on evolutionary divergence (Angilletta et al., 2003) and may be of crucial importance in the context of the ongoing fragmentation of natural habitats. Although many-to-one mapping of morphology to function may provide ways to circumvent trade-offs, investment in improved performance due to strong selection on locomotor capacity will likely trade-off with other traits such as, for example, reproductive output, longevity and immunity. How the effect of increased selection on locomotor capacity plays out in the long run remains to be tested using longterm monitoring of natural populations or lab-based artificial selection experiments. Although involving a considerable investment of time and effort, these types of studies are essential to fully understand the consequences of altered selective pressures due to anthropogenic disturbances such as habitat fragmentation or global warming.
